In order to design the natural laminar flow nose for the high Reynolds number condition suppressing the increase of pressure drag, "local" and "non-axisymmetric" deformation is applied to a base shape. Through the analysis for low Reynolds number cases, it is confirmed that the localized deformation suppresses the increase of pressure drag, and that non-axisymmetric deformation reduces pressure gradient in the azimuthal direction effectively in order to extend the laminar region. It is also shown that there is a capability of more extension of the natural laminar flow effect to the high Reynolds number condition corresponding to the real civil supersonic transport suppressing the increase of pressure drag.
Introduction
The most important technical subject for the next-generation supersonic aircraft is reduction of sonic boom and aerodynamic drag. The Japan Aerospace Exploration Agency (JAXA) has been developing supersonic technology in order to realize economically viable and environmentally friendly supersonic civil transport. To validate the low sonic boom axisymmetric design, balloon drop tests were conducted at the Esrange Space Center in cooperation with the Swedish Space Corporation in 2011 as the first phase of the "Drop test for Simplified Evaluation of Non-symmetrically Distributed sonic boom" (D-SEND). In the results, the validity was successfully confirmed for the first time in the world. 1) On the other hand, the "Natural Laminar Flow (NLF)" concept; i.e., the low friction drag design, was applied to the wing of an experimental vehicle called "NEXST-1" and the delay of transition was confirmed in flight test in the "National EXperiment Supersonic Transport (NEXST)" program. 2, 3) However, the social demand for the natural laminarization is increasing more and more. In addition, the NLF technology is required to be applied not only to the wing but also to the fuselage. Some NLF fuselages have been designed and are proposed for subsonic speed. [4] [5] [6] However, many previous studies on compressible boundary layer transition seem to emphasize fundamental issues, but not the more practical issues. [7] [8] [9] [10] [11] [12] [13] Recently, the present authors have obtained the design concept of the NLF nose in supersonic flow, which suppresses the growth of Cross-Flow (C-F) instability and yields delay of the transition location at the side area. [14] [15] [16] [17] [18] The transition characteristics were examined numerically for candidate shapes, on which sinusoidal deformation was added on a base shape. Not only the geometric parameters to define the deformation, but also the conditions of free stream were varied to obtain the largest effect of NLF. Then, a 23% improvement of friction drag was obtained.
The characteristics of boundary layer flow on this typical candidate shape are shown in Fig. 1 . [14] [15] [16] [17] [18] The abscissa is the axial coordinate from the apex (Fig. 2) . On the other hand, and are the vertical coordinates from the apex and the azimuthal angle from the leeward symmetric ray, respectively. , is the pressure coefficient. The typical streamlines, pressure distribution along the streamlines, contour map of maximum cross-flow velocity, and contour map of spatial growth rate are shown. In Fig. 1 (a) , the representative surface streamlines are shown. Line 1 and Line 253 correspond to the streamlines along the leeward and windward rays. Figure 1 (b) shows the pressure distributions along the representative streamlines corresponding to the streamlines shown in Fig. 1 (a) . The contour of the maximum cross-flow velocity , which is the maximum value of the cross-flow velocity profile at a local surface location and normalized by the local edge velocity of the boundary layer , is shown in Fig.1 (c) . Finally, the contour is also shown in Fig. 1 (d) , comparing that of the base shape. The knowledge which should be most emphasized was that the small ratio of pressure gradients in the azimuthal and axial directions ⁄ ⁄ ⁄ is a key to suppress the growth of C-F instability. It is obvious that the ratio of pressure gradients in the azimuthal and axial directions is small at the circumference of =0.2 m (Fig. 1 (b) ), and that the maximum cross-flow velocity is also small in the same region ( Fig. 1 (c) ). Then, the transition location is delayed from the that of the base shape ( Fig. 1 (d) ). Moreover, it is found that this small ratio appears when the relative locations of similar bumps in the pressure distribution along the leeward and windward ray shift slightly. This shift appears when the candidate shape is put in the flow with non-zero angle of attack, even though it is axisymmetric. However, it is natural that the deformation with the optimized declination to the axis yields a high NLF effect. In other words, the non-axisymmetric deformation suggests the necessity of obtaining a high NLF effect.
This concept of the NLF nose was also evaluated experimentally. Unfortunately, this concept has been only evaluated in the low Reynolds number condition corresponding to the wind tunnel tests. Further difficulty still remains when this concept is extended to the high Reynolds number condition corresponding to the real civil transport. Moreover, we found pressure drag increases more than the amount of the reduction of friction drag using the NLF concept. It is caused by the large deformation at the aft body due to sinusoidal deformation ( Fig.1 (a) ). It is suggested that the localized deformation should be superimposed to suppress the increase of pressure drag.
The objective of the present paper is to design the NLF nose for the higher Reynolds number condition suppressing the increase of pressure drag, by "local" and "non-axisymmetric" deformation of the base shape. The final target is achievement of natural laminar flow in the condition which simulates the real supersonic civil transport. Nevertheless, the length of candidate shapes in the present paper remains short. It is only two times larger than the previous one, [14] [15] [16] [17] [18] and much shorter than the typical length of civil transport. However, it seems to be sufficient to demonstrate the way of extending the laminar region as the first step. 14, 15, 17) The description of deformation is defined in the next section. Then, numerical methods are described in section 3. The numerical results are shown in section 4, and we conclude the paper in the last section.
Geometry and Flow Conditions
The candidate shape with length of 0.33 or 0.74 m is illustrated in Fig. 2 . and are the axial and vertical coordinates from the apex, and is the azimuthal angle from the leeward symmetric ray, as described above. is the horizontal coordinate. The free stream is parallel to the -plane and the angle of attack is denoted as α.
Local radii of candidate shape , , which is described by adding deformation , on the base radii , is given by x,φ 0 x x,φ .
(1) The Sears-Haack body, which is well known for having low drag and favorable pressure gradient in the axial direction, is adopted as the typical base shape.
14-18) The deformation , is generally described by superimposition of multi-modes in the axial direction or in the azimuthal direction, or a combination of the two directions, as follows:
where , and are the deformation terms in the axial and azimuthal directions, is the typical location of deformation, and is the weight function to impose the boundary condition.
The Gaussian deformation is applied in the axial and azimuthal directions, as follows: . (5) However, the description is not restricted to this Gaussian type. The hyperbolic function has been confirmed to yield the similar effect of natural laminarization. [16] [17] [18] The typical location of deformation is described as If is zero, the deformation becomes axisymmetric. To satisfy the boundary condition, the deformation is restricted as zero at the tip and aft-end, 0, φ , φ 0.
The weight function is imposed to the description of deformation, as follows:
, , ,
) Although more than 62 candidate shapes with local deformation are examined in total, only the representative candidate shapes are shown in the present paper and those conditions are summarized in Tables 1 and 2 . In Table 1 , the parameters for the 0.33 m case are listed. These five cases are described by a single mode (i.e., 1). On the other hand, in Table 2 , the parameters for two candidate shapes of the 0.74 m case are listed. One is described as the superposition of two modes (i.e.,
2) and the other is the superposition of nine modes (i.e., 9). Flow conditions, which are applied in the analysis of mean flow and boundary layer transition, correspond to the typical conditions of wind tunnel tests: Mach number 
Numerical Method

Mean-flow computation
The mean laminar boundary layer flow for each condition was obtained via Navier-Stokes calculations. Computations with the adiabatic thermal wall boundary condition were performed at JAXA using the "Unified Platform for Aerospace Computational Simulation (UPACS )", a 3D, multi-block, structured-grid flow solver developed by JAXA. 19) Computations were based on a typical grid, which is generated using an in-house code. The grid has 120 points in the streamwise direction, 150 points in the surface normal direction, and more than 193 points in the azimuthal (i.e., circumferential) direction. The convergence of computed solutions was confirmed via preliminary comparisons between solutions on different grid sizes. The minimum grid size is approximately 0.01 ⁄ . In order to provide a sufficiently accurate description of the basic state for linear stability, at least 40 to 80 grid points are needed inside the boundary layer, which was found to be sufficient in a related study conducted previously. [11] [12] [13] Recently, the boundary layer flows on base shapes were also confirmed to be in fairly good agreement with the results obtained using a finer grid.
11) The azimuthal grids were clustered near the leeward ray in order to capture the potential influence of azimuthal diffusion on the boundary layer flow in the vicinity of the symmetry plane.
Stability analysis
The laminar mean flows were used as basic states for transition analysis. The transition analysis were performed using the LSTAB code, 13) which is based on the linear stability theory in the 3-D compressible boundary layer which was originally developed at JAXA. Parallel flow approximation is applied in the LSTAB code. A partial set of results based on the e N method is described below. The envelope method correlates the transition onset location with the logarithmic amplification ratio (i.e.,
-factor) based on the most amplified fixed frequency disturbances. For each frequency, the -factor distribution over the body surface was determined by integrating the maximum growth rate over all azimuthal wave numbers at each point along a selected set of trajectories. In this paper, these trajectories were taken to be streamlines near the boundary layer edge.
Estimation of drags
The friction drag and the pressure drag of candidate shapes were evaluated according to Ref. 18 . The friction drag was estimated from the limited wetted area between the azimuthal angle of 30 deg and 140 deg. This is because the contour of 7 , which is appropriate to predict the transition location corresponding to wind tunnel testing, was obtained at the limited azimuthal angle.
On the other hand, was obtained as follows:
where and are the density and velocity of the free stream, respectively.
is reference area and ∆ is local surface area of i-th element. and are the free-stream-direction and vertical components of normal stress acting on the local surface area element ∆ , respectively.
Results
Effect of localized non-axisymmetric deformation
First of all, the low Reynolds number ( 0.33 m) cases are illustrated below in order to show the effects of the localized deformation. Again, the point which should be confirmed here is the validity of the concept to design the NLF nose. The purpose of this subsection is a clarification of whether a higher NLF effect can be obtained by "local" and "non-axisymmetric" deformation of the base shape, and clarification of whether the increase of pressure drag can be suppressed.
Let us begin the consideration from the comparison of C1, C2 and C3. The representative surface streamlines are shown in Fig. 3 , in the same manner as in Fig. 1 (a) . Therefore, these two indicate the outline of the candidate shapes. Their height and width of deformation are clearly the same, as shown Table 1 and Fig. 3 , but the relative location of the peaks of the shape along the leeward and windward rays is different. The peak along the leeward ray is located closer to the tip than that along the windward ray for the C1 case. However, it is the opposite for the C2 case. Moreover, for the C3 case, the length between two peaks was longer than in the former two cases. Accordingly, the relative location of the peak of pressure distribution is similar, as shown in Fig. 4 . Here, the most noticeable point is the appearance of the region where the pressure distributions along the leeward and the windward rays overlap. It is downstream of the peak of pressure distribution for the C1 case, but it moves to upstream for the C2 case. For the C3 case, the pressure distribution along the windward ray moves further upstream and passes the distribution along the leeward ray. For the C1 and C2 cases, it is obvious that the overlapped pressure distribution leads to zero pressure gradient in the azimuthal direction at the region.
Then, the maximum cross-flow velocity becomes very small in the region where the pressure distributions overlap (Fig. 5) . However, the transition location, which is predicted as the contour, is not delayed significantly from that of the base shape for all cases (Fig. 6) . It is delayed for the C2 case, but it was not delayed for the C1 case. Since the region appeared at downstream of the peak of pressure distribution for the C1 case, the spatial growth rate becomes large enough before the flow reaches that region. On the contrary, for the C2 case, since the maximum cross-flow velocity becomes almost zero at the location upstream of the peak of pressure distribution, the transition location along the streamline which passes through that region is delayed significantly. However, the transition location is not delayed so much along other streamlines, because the region where cross-flow velocity becomes almost zero is very small, and the cross-flow becomes larger than the base shape in front of the region. For the C3 case, the region where cross-flow velocity becomes almost zero was quite large, but the cross-flow becomes much larger than the base shape near the tip. Therefore, the transition location is delayed only in the restricted region.
(a) (a) The width of deformation for the C4 case is three times larger than that of the C2 case. As a natural result, the pressure distribution becomes moderate. The region where the pressure distribution along the leeward and the windward rays overlaps, disappears. Therefore, the maximum cross-flow velocity is not zero anymore and the delay of transition location becomes simple and slight. On the contrary, for a case in which only the height of deformation is larger than that of the C2 case, the pressure gradient becomes too steep and the boundary layer is separated. Therefore, the result is not shown in the present paper.
For the C5 case, not only the width of deformation but also the height is three times larger than in the C2 case. Therefore, the pressure gradient becomes steeper again than that of the C4 case. The pressure distribution along the leeward and the windward rays did not overlap, but the pressure gradient in the azimuthal direction does not increase. As a result, the pressure gradient in the azimuthal direction and the cross-flow velocity are kept small until the pressure reaches its peak. Therefore, the transition location is delayed much in the wide range of azimuthal angle.
From these results, as suggested by the result of sinusoidal deformation (Fig. 1) , 14, 15, 17) it is confirmed that the non-axisymmetric deformation with slightly shifted layout of pressure distribution along the leeward and the windward rays achieves the very small ratio of pressure gradient in the azimuthal and axial directions, and that cross-flow is suppressed. Thus, the transition location is delayed.
The result of sinusoidal deformation 14, 15, 17) also suggests that the increase of pressure drag may be suppressed by the local deformation. Hence, the pressure drag was estimated. As shown in Fig. 7 , the pressure drag is much smaller than the typical sinusoidal deformation. Therefore it was confirmed that the local deformation is more effective to design the NLF nose suppressing the increase of pressure drag. In addition, the friction drag was also evaluated in the abscissa of the same figure, since the NLF effect was only described qualitatively, in the viewpoint of the suppression of cross-flow and the viewpoint of the delay of transition location above. Through this evaluation, the smallest friction drag is obtained for the C2 case. For this C2 case, the sum of friction and pressure drags was smaller than that for the base shape. The transition location of the C2 case is delayed significantly, although the region is limited. In other regions, the transition is delayed slightly. On the other hand, the friction drag of the C5 case is larger than that of the C2 case. This result seems to disagree with the observation that the transition location of the C2 case is delayed in a wider region than that of C5. This disagreement is caused by the assumption on the calculation of the friction drag. The friction drag was calculated as already described in section 3, assuming that the axial transition location is constant in the azimuthal direction, and that it is the same as the average of the location predicted as 7 from 30 deg to 140deg. For the C2 case, since the transition location around 40deg is delayed significantly, the averaged location is regarded as significantly delayed and the friction drag is calculated to be small, though the region where the transition location is delayed is restricted.
Although there remains room for improvement in calculation of friction drag, it is confirmed from the estimation of drags that the increase of the pressure drag is suppressed by the localized deformation and that there is a capability of reduction of the sum of pressure and friction drags. Then, it is suggested that the localized deformation with slightly shifted layout of pressure distribution along the leeward and the windward rays is very effective in order to extend the laminar region suppressing the increase of the pressure drag. 
Extension of NLF effect
In the previous subsection, it was suggested that the localized and non-axisymmetric deformation with slightly shifted layout of pressure distribution along the leeward and the windward rays is very effective in order to extend the laminar region suppressing the increase of pressure drag. In order to extend the NLF effect more, the superimposition of deformation is applied for high Reynolds number cases with length of candidate shape of 0.74 m. In the present paper, two deformations are illustrated.
For the C6 case, the deformation is the superimposition of two modes. Although the shape is quite smooth without bumps (Fig. 8 (a) ), the pressure distribution had two peaks ( Fig. 9 (a) ). For this case, cross-flow velocity is not suppressed (Fig. 10 (a) ), and the transition location is delayed slightly (Fig. 11 (a) ). Therefore, the increase of pressure drag is suppressed obviously and the sum of pressure and friction drag is smaller than that of the base shape, although the reduction of friction drag is small (Fig. 12) . On the other hand, for the C7 case, the deformation is described as the superimposition of nine modes. It is very interesting that the shape along the leeward ray is very similar to the base shape Sears-Haack body and that along the leeward ray is similar to that of the most effective case with sinusoidal deformation 14, 15, 17) (Fig. 8 (b) ). For this case, the pressure distribution does not have a peak, and its gradient in the azimuthal direction is kept small in the wide axial range from the tip to the middle of the body (Fig. 9 (b) ). This small pressure gradient in the azimuthal direction achieved small cross-flow velocity in a quite wide area. Therefore, the cross-flow velocity is kept small (Fig. 10 (b) ) and the transition location is delayed significantly (Fig. 11 (b) ). The effects are large, especially at the windward side. Unfortunately, the pressure drag increases from the base shape, but it is much less than the most effective case with sinusoidal deformation 14, 15, 17) ( Fig. 12) . Therefore, we can conclude that the localized and non-axisymmetric deformation with slightly shifted layout of pressure distribution along the leeward and the windward rays achieves the extension of the NLF effect. It is also shown that there is a capability of more extension of the NLF effect suppressing the increase of pressure drag. There remains a difficulty to extend the effect to the whole azimuthal location. Therefore, a compromise between the improvements of pressure drag may be necessary.
Concluding Remarks
In order to design the NLF nose for the high Reynolds number condition suppressing the increase of pressure drag, "local" and "non-axisymmetric" deformation was applied to the base shape.
Through the analysis for low Reynolds number cases, corresponding to 4.0 10 for 0.33 m, we confirmed that the localized deformation with slightly shifted layout of pressure distribution along the leeward and the windward rays was very effective in order to extend laminar region suppressing the increase of pressure drag, as suggested from the sinusoidal deformation.
Therefore, other candidate shapes were examined for higher Reynolds number cases, corresponding to 9.1 10 for 0.74 m. Some candidate shapes, of which transition location was delayed, were obtained. Therefore, we can conclude that the localized and non-axisymmetric deformation with slightly shifted layout of pressure distribution along the leeward and the windward rays achieved the extension of the NLF effect.
Although there remains a difficulty to extend the effect to the whole azimuthal location and a compromise between the improvements of pressure drag may be necessary, it was shown that there is a capability of more extension of the NLF effect suppressing the increase of pressure drag. 
